Theaflavin has been proven to own strong antioxidative capacity; however, the molecular mechanism underlying its protective effect against cerebral ischemia-reperfusion (I/R) injury remains unclear. Therefore, the present study was designed to elucidate the neuroprotective effects of theaflavin on cerebral I/R injury and its underlying molecular mechanisms. To investigate the effects of theaflavin on neurological function, neurogenesis, and oxidative stress, experiments were performed using a cerebral I/R injury rat model, and neural stem cells (NSCs) were subjected to oxygen-glucose deprivation and reoxygenation (OGD/R). Further, the expression profiles of miRNA-128-3p and the regulatory function of nuclear factor (erythroid-derived 2)-related factor 2 (Nrf2) were evaluated in these models. We found that theaflavin treatment significantly reduced infarct volume and neuronal injury, and thus improved the impaired memory and learning ability. Furthermore, theaflavin treatment significantly enhanced the increase in NSC proliferation, reduction in the apoptotic rate and inhibition of oxidative stress. Mechanistically, theaflavin targeted miRNA-128-3p and further activated the Nrf2 pathway to reduce oxidative stress. In summary, theaflavin has a strong ability to attenuate cerebral I/R injury through miRNA-128-3p-mediated recovery of the impaired antioxidant defense system, which suggests that it could be a potential drug candidate for ischemic stroke.
Introduction
Cerebrovascular disease is a common disease with high morbidity and mortality worldwide (1) . Ischemic stroke as a type of cerebrovascular disease can lead to cognitive impairment and neurological deficit (2) . At present, thrombolysis, which effectively reduces infarct size, is the main treatment for ischemic stroke (3) . However, cerebral ischemia/reperfusion (I/R) injury often occurs irreversibly in ischemic brain tissue after restoration of blood perfusion, which severely restricts the recovery of patients with ischemic stroke (4) . Although some promising neuroprotective agents have been identified, such as curcumin, rosmarinic acid, astragaloside VI and berberine (5, 6) , their protective effects are still limited. Therefore, identification of novel neuroprotective agents for cerebral I/R injury is highly desired.
In recent years, abundant evidence shows that oxidative stress plays an important role in the pathogenesis of cerebral I/R injury (7) . Wu et al found that reactive oxygen species (ROS) and malondialdehyde (MDA) were significantly increased in rats with middle cerebral artery occlusion (MCAO), whereas the activity of antioxidants was markedly reduced (7) . The impaired antioxidant defense system was found to lead to oxidative damage of brain lipids, proteins and DNA, further leading to cell death and brain dysfunction (8, 9) . Nuclear factor (erythroid-derived 2)-related factor 2 (Nrf2) is a key transcription factor that regulates the antioxidant stress response (10) . Many studies have shown that activation of the Nrf2 pathway can protect against cerebral I/R injury in vivo and in vitro (11, 12) . Neuroprotective agents, such as resveratrol, isoquercetin and protocatechualdehyde also reportedly protect the brain from cerebral I/R injury through Nrf2 activation (9, 11, 13) . Therefore, repair of the endogenous antioxidant system through activation of the Nrf2 pathway may be an effective strategy to alleviate cerebral I/R injury.
Many studies have demonstrated that plant extracts are potential neuroprotective agents in the treatment of ischemic stroke (14) . Theaflavin, which is derived from black tea, has been widely used as an antioxidant. Feng et al reported that theaflavin prevents DNA damage by suppressing oxidative stress and inhibiting cytochrome P450 1A1 in vitro (15) . In addition, theaflavin demonstrated neuroprotective effects by inhibiting the activity of oxidant enzymes in PC12 cells (16) . These findings provide the foundation for a new field of exploration using theaflavins in the treatment of cerebrovascular disease caused by oxidative stress. Cai et al reported that theaflavin ameliorates cerebral I/R injury in rats through anti-inflammatory effects and modulation of signal transducer and activator of transcription (STAT)-1 (17) . However, the exact molecular mechanism by which theaflavin attenuates cerebral I/R injury through antioxidative stress still awaits further investigation.
The non-regeneration and vulnerability of nerves suggest that they are extremely fragile and difficult to repair once damaged. Endogenous neural stem cells (NSCs) with proliferative ability exist in at least two regions of the central nervous system of adult mammals, the hippocampus and lateral ventricle (18, 19) . NSCs can self-renew, generate neuroblasts and migrate to damaged areas of the brain to replace dead nerve cells to induce neurological activity (20, 21) . Because of the relatively small number of NSCs, their proliferation is essential for the recovery of neural function and repair of cognitive impairment in cerebral I/R injury. Therefore, exploration of the effects of neuroprotective agents on NSC proliferation has considerable clinical significance.
Herein, an in vivo experimental animal model of stroke and in vitro model of NSCs that were subjected to oxygen-glucose deprivation and reoxygenation (OGD/R) were used to demonstrate that theaflavin is able to promote neurogenesis and repair neurological function by inhibiting oxidative stress to induce brain recovery.
Materials and methods
Cerebral I/R model (7) . In total, 50 Male Sprague-Dawley (SD) rats, 7-8 weeks old (body weight 270-300 g) were obtained from East China Normal University [Production License: SCXK (Shanghai) 2016-0004]. All animal protocols were approved and regulated by the Animal Care and Ethics Committee of East China Normal University. All rats were allowed free access to water and food and maintained at a controlled temperature range (20±2˚C). The intraluminal suture middle cerebral artery occlusion (MCAO) method was performed to induce focal cerebral ischemia. Rats were anesthetized with isoflurane (4%) in N 2 O gas (70%) with O 2 (30%) in all experiments. A midline cervical incision was used to expose the left-sided carotid arteries. The left external carotid artery was dissected and isolated distally by coagulating its branches, on which a distal ligature was placed. A piece of 3-0 tip rounded monofilament nylon suture was introduced via the lumen of the left external/internal carotid artery stump to be embedded into the left anterior cerebral artery. At 1.5 h of cerebral ischemia, the monofilament nylon suture was withdrawn to permit reperfusion. During the surgical process, moorVMS-LDF1-HP high power laser doppler detector (Jiander Technology Co., Ltd., Beijing, China) was used to monitor blood flow changes. An abrupt reduction in regional cerebral perfusion to less than 30% of the baseline value was considered to achieve focal ischemia. For the sham group, the surgical process was the same as that for the MCAO group but without suture occlusion.
Primary cultured NSCs. Primary cultured NSCs were harvested from the hippocampus in embryonic SD rats aged 14-16 days as previously described (21) . In brief, the fore cortex in rat embryos was isolated and ground into single cells using nylon mesh (70 µm). Cells were then re-suspended in Dulbecco's modified Eagle's medium (DMEM)/Nutrient Mixture F-12 (DMEM/F12) (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and were plated in 10-cm dishes for culture at 1x10 4 cells/cm 2 in DMEM/F12 medium with fetal bovine serum (FBS, 10%; Gibco, Thermo Fisher Scientific, Inc.), epidermal growth factor (EGF, 10 ng/ml; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), B27 (2%; Invitrogen; Thermo Fisher Scientific, Inc.), basic fibroblast growth factor (bFGF, 10 ng/ml; Sigma-Aldrich; Merck KGaA), penicillin (5 IU; Sigma-Aldrich; Merck KGaA), and streptomycin (5 µg/ml; Sigma-Aldrich; Merck KGaA). Cells were incubated in a humidified atmosphere containing 21% O 2 and 78% N 2 supplied with 5% CO 2 at 37˚C for 5 days to form a neurosphere (diameter ~100 µm). The neurospheres were collected and triturated to a single-NSC suspension. The NSCs were then replanted at 1x10 4 cells/cm 2 and passaged every 4 to 6 days. These NSCs still possessed self-renewal, proliferation and differentiation capacity until the 10th passage. The NSCs of the 2nd to 5th passages were used for subsequent experiments. To establish the OGD/R cellular model, NSCs were cultured in glucose-free balanced salt solution under hypoxic conditions (1% O 2 , 5% CO 2 , and 94% N 2 ) at 37˚C for 3 h. Subsequently, NSCs were cultured in normal medium and normoxic conditions (21% O 2 , 5% CO 2 and 78% N 2 ).
Theaflavin treatments. Theaflavin [98.0%, high-performance liquid chromatography (HPLC) grade] was purchased from Shyuanye Biotechnology (Shanghai, China). In the in vivo animal study, theaflavin dissolved in saline was intravenously injected into SD rats (10 mg/kg group and 50 mg/kg group) 2 h after MCAO ischemia, once a day for 7 days. For the 10 mg/kg group, SD rats received theaflavin at 10 mg/kg; for the 50 mg/kg group, SD rats received theaflavin at 50 mg/kg. The same volume of saline was injected into SD rats (MCAO group). For in vitro experiments, theaflavin dissolved in phosphate-buffered saline (PBS) was added to the DMEM/F12 medium. The NSCs were seeded into 6/96-well plates in the DMEM/F12 media with theaflavin. After incubation for 2 h, NSCs were challenged with OGD/R. The NSCs were divided into the following: Control group, OGD/R group (same volume of PBS), 2 µM theaflavin group, and 10 µM theaflavin group. After incubation for 48 h, a series of following experiments were conducted.
Tissue preparation and staining. The SD rats were sacrificed at 7 days after theaflavin treatment. The harvested brain tissues were cut into five equally-sized coronal sections (2-3 mm thickness) using an EM UC7 microtome (Leica Microsystems Inc., Wetzlar, Germany). The brain sections were then incubated with 2% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-Aldrich; Merck KGaA) at 37˚C for 15 min with gentle shaking. Subsequently, the brain sections were fixed with paraformaldehyde (4%) overnight. The stained slices were photographed and the infarct size was quantified using the Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rockville, MD, USA). For terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (Beyotime Institute of Biotechnology, Haimen, China), the harvested brain tissues were cut into 2.5 mm blocks and fixed with paraformaldehyde overnight. Subsequently, blocks were embedded in paraffin and cut into 4-µm coronal sections, according to the manufacturer's protocol. Apoptotic images were obtained using the Axioplan 2 imaging system (Carl Zeiss AG, Oberkochen, Germany). Six sections of each sample were selected and five fields of each section were examined for quantification of apoptosis.
Evaluation of neurological deficits, learning and memory ability. Neurological deficit testing in each group was conducted by an investigator who was blinded to the experimental groups according to the method of Longa et al (22) . Neurological findings were scored on a five-point scale: Depressed levels of consciousness and inability to walk spontaneously= 4; falling to the right=3; circling to the right=2; failure to extend right forepaw fully=1; and no neurological deficits=0. The Morris water maze test (9, 11) was conducted to evaluate memory and learning function by an investigator blinded to the experimental groups. To make the water opaque, non-toxic ink was added. Rats were brought into the conducting room 30 min prior to the test. They were subjected to four trials per day for 5 consecutive days. Rats were given 1 min to find the platform in each trial. The escape latency was recorded when experimental rats reached the platform. It was recorded as 1 min even when the rat could not reach the platform within 1 min. Rats were allowed to stay on the platform for another 15 sec after locating it. After the test, rats were dried and then returned to their cages. A 4-min inter-trial rest was allowed. The probe trial was performed on the sixth day. The round tank was divided into four equal quadrants. The target circle was considered as an area 20 cm in diameter, as measured from the platform center. The platform crossing frequency was defined as the number of times the rat crossed the area within 1.5 min.
Neurosphere assay (6) . Primary cultured NSCs that were subjected to both theaflavin treatment and OGD/R were fixed with paraformaldehyde (4%) for 20 min. After being rinsed with PBS, NSCs were incubated with blocking buffer (PBS, 0.1% Triton-100, and 100% goat serum) for 2 h. The primary antibody against Nestin (mouse, dilution 1:300; Abcam, Cambridge, UK; cat. no. ab6142) was added at 4˚C overnight. After being washed with PBS, the secondary antibody (Alexa 568 goat anti-mouse, dilution 1:300; Huabio; cat. no. HA1017) was added at 25˚C in the dark for 2 h. Subsequently, NSCs were incubated with 4',6-diamidino-2-phenylindole (DAPI) for 10 min to identify the neurosphere, after which they were washed with PBS. The neurosphere images were obtained using a Zeiss Axioskop 50 Trinocular Fluorescence Microscope (Carl Zeiss; magnification, x200). Fifteen fields were randomly chosen in each well. The diameter of the neurosphere was quantified using the Image-Pro Plus 6.0 software (Media Cybernetic).
Cell Counting Kit-8 (CCK-8) assay and flow cytometry.
Cell viability of NSCs was evaluated using the CCK-8 assay (Sigma-Aldrich; Merck KGaA). Primary cultured NSCs (1x10 4 /well) were seeded into 96-well plates and cultured for 24 h. The NSCs were then subjected to theaflavin treatment and OGD/R. Subsequently, the NSCs were incubated with 10% water-soluble tetrazolium dye (WST-8). The optical density (OD) was then measured using a LUX microplate reader (Thermo Fisher Scientific) at an absorbance of 450 nm. The apoptotic rate in NSCs was detected using the Annexin V-FITC Apoptosis kit (Beyotime) according to the manufacturer's instructions. Primary cultured NSCs were seeded into 6-well plates and cultured for 24 h. The NSCs were then subjected to theaflavin treatment and OGD/R. Subsequently, the NSCs were incubated with Annexin V and then added to propidium iodide (PI) buffer for 15 min at 25˚C in a dark room. The apoptotic cells were quantified by a FACSAria II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
Detection of oxidative stress. The supernatant containing the lysates of rat brain tissues and NSCs was homogenized in ice-cold mitochondria isolation buffer. The total ROS level in the brain tissue was detected using the Total ROS Activity Assay kit (Sigma-Aldrich; Merck KGaA). The supernatant lysate was incubated with Total ROS Green in an incubator (5% CO 2 ) for 6 h at 37˚C. Fluorescence intensity was then detected at 525 nm emission and 490 nm excitation. The levels of malondialdehyde (MDA), glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) in the rat brain tissues and NSCs were measured using standard assay kits, including the Total SOD Activity Detection kit (Solarbio, Beijing, China), Malondialdehyde (MDA) Content Detection kit (Solarbio), and Glutathione Peroxidase (GSH-Px) Detection kit (R&D Systems, Inc., Minneapolis, MN, USA), according to the manufacturer's instructions. The OD value was then measured using a LUX microplate reader (Thermo Fisher Scientific).
RNA extraction and quantitative real-time PCR (qRT-PCR).
According to the manufacturer's instructions, total RNA was extracted and complementary DNA (cDNA) was synthesized using the Animal Total RNA Isolation kit (Sangon Biotech Co., Ltd., Shanghai, China) and M-MuLV First Strand cDNA Synthesis kit (Sangon Biotech Co., Ltd.). qRT-PCR was performed using SYBR Real-Time PCR kit (Genepharma, Shanghai, China) under the following conditions: 95˚C for 600 sec; followed by 45 cycles at 95˚C for 10 sec; 60˚C for 20 sec; and 72˚C for 30 sec. The relative fold expression was calculated using the 2 -ΔΔCq method (23) . Each analysis was performed in triplicate. In addition, U6 served as an internal reference gene for miRNAs, and β-actin, for mRNA. The sequences were as follows: miRNA-128-3p forward, 5'-GGT CAC AGT GAA CCG GTC-3' and reverse, 5'-GTG CAG GGT CCG AGGT-3'; U6 forward, 5'-CTC GCT TCG GCA GCA CA-3' and reverse, 5'-AAC GCT TCA CGA ATT TGC GT-3'; Nrf2 forward, 5'-AGC ACA CCC AGT CAG AAA CCAG-3' and reverse, 5'-TCT ACA AAC GGG AAT GTCG-3'; β-actin forward, 5'-GGT CAC AGT GAA CCG GTC-3' and reverse, 5'-GTG CAG GGT CCG AGGT-3'.
Cell transfection. For cell transfection, NSCs were seeded at a density of 5.5x10 5 /well in a 6-well plate 12 h before transfection. For miRNA-128-3p downregulation, NSCs were transfected with 100 nM negative control miRNA 5'-CAG UAC UUU UGU GUA GUA CAAA-3' (NC miRNA) or 100 nM miRNA-inhibitor 5'-AAA GAG ACC GGU UCA CUG UGA-3' (GenePharma, Shanghai, China) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific), according to the manufacturer's instructions, and incubated for an additional 48 h. For miRNA-128-3p upregulation, NSCs were transfected with 100 nM negative control miRNA (NC miRNA) sense: 5'-UUC UCC GAA CGU GUC ACG UTT-3' and antisense: 5'-ACG UGA CAC GUU CGG AGA ATT-3' or 100 nM miRNA-mimics, sense: 5'-UCA CAG UGA ACC GGU CUC UUU AGU-3' and antisense: 5'-UAA AGA GAC CGG UUC ACU GUG AUU-3' (GenePharma, Shanghai, China) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific), according to the manufacturer's instructions, and incubated for an additional 48 h. After transfection, the NSCs were harvested for further analysis. Lentivirus-mediated Nrf2 plasmids (OE-Nrf2) were constructed by GenePharma Co. For Nrf2 overexpression, cells were transfected with lentivirus-mediated Nrf2 plasmids. Cells transfected with an empty vector were also employed and investigated. The transfected cells were subsequently harvested for further analysis.
Dual-luciferase reporter assay. The 3'-untranslated region (3'UTR) of Nrf2 was amplified by Sangon, and the sequences were inserted into a pMIR-reporter luciferase vector (Ambion, Rockville, MD, USA). The mutated 3'UTR was designed, constructed, and then inserted into the luciferase vector. The mutated-type (MUT) and wild-type (WT) 3'UTR vectors, NC miRNA, and miRNA mimics were co-transfected into 293 cells, alternately. The Dual-Luciferase Reporter Assay (Activemotif, USA) was performed to measure luciferase intensity 2 days after co-transfection.
Western blot analysis. Rat brain tissues and NSCs were harvested using a lysis buffer solution [radioimmunoprecipitation assay (RIPA) buffer, Beyotime Biotechnology], protease inhibitor cocktail (Thermo Fisher Scientific), and phosphatase inhibitor cocktail (Beyotime Biotechnology). After protein quantification using the bicinchoninic acid (BCA) protein concentration assay kit (Thermo Fisher Scientific), Total protein (50 µg) was separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After being transferred onto a polyvinylidene difluoride (PVDF) membrane, the protein was probed with primary antibodies for Nrf2 (rat, dilution 1:300; Abcam; cat. no. ab137550) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; rat, dilution 1:500; Huabio; cat. no. ET1601-4). After being washed, the membranes were incubated with secondary antibody goat anti-mouse IgG (dilution, 1:1,000; Millipore; cat. no. 401211). Band intensity was quantified by Image-Pro Plus 6.0 software (Media Cybernetic).
Statistical analysis. All experiments were performed in triplicate. All data are expressed as mean ± SD. One-way analysis of variance (ANOVA) was used for multiple-group experiments, followed by the Tukey's test, using SPSS 22.0 software (IBM Corp., Armonk, NY, USA). Significance was set at a probability value of P<0.05.
Results
Theaflavin shows neuroprotective effects in rats subjected to cerebral I/R injury. To explore the neuroprotective effects of theaflavin, its effects in regards to reducing neurological deficits in rats of the MCAO model were investigated. As shown in Fig. 1A , the MCAO model rats had a significantly higher infarct volume than those in the sham group (P<0.01), indicating that the MCAO model was successfully constructed. The mean infarct volume of rats treated with theaflavin was significantly smaller than that of the untreated (0 mg/kg) MCAO model rats and also showed a significant declining trend as the dose of theaflavin increased (Fig. 1A) . Furthermore, the results in Fig. 1B revealed that theaflavin treatment significantly reduced brain water content with in a dose-dependent manner. Brain water content in the MCAO model rats that received theaflavin at 50 mg/kg was significantly lower than that in rats that received theaflavin at 10 mg/kg (P<0.01). We further assessed the effects of theaflavin on the neurological deficit score, learning and memory ability. As shown in Fig. 1C and D, theaflavin treatment markedly reduced the neurological deficit score and escape latency. However, severe neurological deficits and escape latency were significantly enhanced in the MCAO model (0 mg/kg) relative to the sham group (P<0.01). The TUNEL results in Fig. 1E and F demonstrated that the number of TUNEL-positive cells was significantly increased in the MCAO model rats (0 mg/kg) compared with rats in the sham group (P<0.01). In contrast to rats in the MCAO group (0 mg/kg), rats treated with theaflavin 7 days after MCAO showed a significantly reduced number of TUNEL-positive cells in a dose-dependent manner (P<0.01) ( Fig. 1E and F) . The above data indicate that theaflavin has neuroprotective effects against cerebral I/R injury.
Theaflavin promotes the proliferation of NSCs and inhibits apoptosis. To elucidate the repair function of theaflavin in neural function and cognitive impairment, we investigated its effects on the proliferation and apoptosis of NSCs. The NSCs from the hippocampus were isolated as shown in Fig. 2A , and results revealed that theaflavin treatment (2 and 10 µM) significantly increased the neurosphere diameters of the NSCs subjected to OGD/R (P<0.01) ( Fig. 2B and C) . The CCK-8 results (Fig. 2D ) also demonstrated that theaflavin treatment (2 and 10 µM) significantly enhanced the cell viability of NSCs subjected to OGD/R in a time-dependent manner. Moreover, with an increasing dose of theaflavin, NSC viability was significantly increased (P<0.01) (Fig. 2D ). After OGD/R, the apoptotic rate in NSCs was significantly higher than that in the control group (P<0.01). Notably, theaflavin treatment (2 and 10 µM) significantly reduced the apoptotic rate in NSCs subjected to OGD/R (P<0.01) ( Fig. 2E and F) . These data indicate that theaflavin treatment promotes NSC proliferation and inhibits NSC apoptosis, which would favor the recovery of neural function and repair of cognitive impairment.
Theaflavin alleviates oxidative stress in MCAO model rats and NSCs subjected to OGD/R. To investigate the underlying mechanism of theaflavin in exerting neuroprotective effects, we detected the antioxidative effects of theaflavin. As illustrated in Table I , the production of ROS and MDA was evidently increased in the MCAO model rats. Following theaflavin treatment, the elevated levels of ROS and MDA in the MCAO model rats were significantly attenuated in a dose-dependent manner (Table I ), suggesting that theaflavin is capable of suppressing ROS generation and lipid peroxidation. We then investigated the effects of theaflavin on antioxidant enzymes in MCAO model rats. The results in Table I show that the activities of SOD and glutathione (GSH-Px) in the brain were markedly suppressed. Seven days after theaflavin administration, the activities of SOD and GSH-Px were significantly elevated. The activities of antioxidants in the MCAO model rats receiving a theaflavin dose of 50 mg/kg were significantly higher than those receiving a dose of 10 mg/kg (Table I) . We further explored the underlying mechanism of theaflavin in alleviating oxidative stress in vitro. We found that the production of ROS and MDA was also markedly increased in the OGD/R cellular model (Table II) , and the activities of SOD and GSH-Px were significantly suppressed in the OGD/R cellular model (Table II) . The elevated ROS and MDA levels and the reduced SOD and GSH-Px activities were significantly attenuated in the OGD/R cellular model after the administration of theaflavin. Taken together, these results suggest that theaflavin alleviates oxidative stress in both MCAO ischemic brains and NSCs subjected to OGD/R.
Theaflavin increases the expression of Nrf2 by downregulating miRNA-128-3p.
To further delineate the molecular mechanism by which theaflavin alleviates oxidative stress, we detected the expression of Nrf2 in vivo and in vitro. As evident in Fig. 3A -D, the expression of Nrf2 was markedly inhibited in MCAO model rats and NSCs subjected to OGD/R (P<0.01). Seven days after theaflavin administration, the expression of Nrf2 was significantly enhanced (P<0.01). Particularly, theaflavin at 50 mg/kg had a stronger ability to increase Nrf2 levels than that at 10 mg/kg. Moreover, the miRNAs that target Nrf2 were investigated using bioinformatics methods. The miRNA-128-3p was predicted to regulate Nrf2 expression using the TargetScan tool (Fig. 3E) . The results in Fig. 3F demonstrated that the miRNA-128-3p level was significantly upregulated in the MCAO model rats (0 mg/kg theaflavin) compared to the Sham group (P<0.01). After transfection of NSCs with the miRNA mimics or miRNA inhibitor, the change in relative expression levels of miRNA-128-3p were significantly increased or decreased, respectively (Fig. 3G) .
A significant increase in miRNA-128-3p levels was also found in the NSCs subjected to OGD/R (P<0.01) ( Fig. 4H) . Notably, we found that theaflavin reduced the level of miRNA-128-3p levels significantly in both the MCAO and OGD/R NSC models in a dose-dependent manner (P<0.01) ( Fig. 3F and H) . The results presented in Fig. 3H also indicated that miRNA mimics + (10 µM) theaflavin treatment increased the level of miRNA-128-3p, in contrast to our observations in NSCs subjected to OGD/R, indicating that theaflavin induced the downregulation of miRNA-128-3p. To confirm whether miRNA-128-3p inhibited Nrf2 expression, a dual-luciferase reporter assay was employed using the wild-type (WT) site or the mutant (MUT) site. A considerable decline in luciferase activity was evident with co-transfection of the miRNA-128-3p mimic and reporter plasmid at the Nrf2 WT site (Fig. 3I ) (P<0.01). However, a slight reduction in luciferase activity was observed after co-transfection with the miRNA-128-3p mimic and reporter plasmid at the Nrf2 MUT site (Fig. 3I) . To further demonstrate the effect of miRNA-128-3p on Nrf2, the levels of Nrf2 mRNA and protein were measured using qRT-PCR and western blot analysis. As shown in Fig. 3J and K, ectopic expression of miRNA-128-3p induced a significant decline in the levels of Nrf2 mRNA and protein. These results indicate that theaflavin downregulates miRNA-128-3p to increase Nrf2 levels to alleviate oxidative stress.
Inhibition of NSC proliferation and enhancement of oxidative stress by miRNA-128-3p.
To further confirm the regulatory function of miRNA-128-3p, we examined its effects on NSC proliferation. Furthermore, we also upregulated the expression of Nrf2 (Fig. 4A) . The results presented in Fig. 4B -D demonstrated that the application of the miRNA-128-3p inhibitor significantly increased the neurosphere diameter and cell viability of the NSCs subjected to OGD/R (P<0.01). Notably, both the ectopic expression of miRNA-128-3p and Nrf2 slightly increased the neurosphere diameter and cell viability of NSCs subjected to OGD/R (P<0.01). Furthermore, it was found that upregulation of Nrf2 (OE-Nrf2) was capable of increasing the neurosphere diameter and cell viability, an effect that was abolished after treatment with miRNA-128-3p mimics (Fig. 4B-D) . As shown in Fig. 4E and F, the elevated apoptotic rate in NSCs was significantly attenuated by the miRNA-128-3p inhibitor (P<0.01). Whereas the apoptotic rate in NSCs receiving both miRNA-128-3p mimics and overexpression of Nrf2 was slightly reduced compared with that in NSCs subjected to OGD/R (P>0.05). In addition, upregulation of Nrf2 showed a stronger ability to reduce the rate of apoptosis, an effect which was abolished after treatment with miRNA-128-3p mimics (P<0.01). These findings indicate that downregulation of miRNA-128-3p promoted NSC proliferation by upregulating Nrf2 expression.
We investigated the effect of miRNA-128-3p on oxidative stress in NSCs subjected to OGD/R. The levels of ROS and MDA were significantly reduced after treatment with miRNA-128-3p inhibitors (P<0.01) ( Fig. 4G and H) , and were slightly reduced after treatment with miRNA-128-3p mimics and theaflavin, the elevated ROS and MDA levels were slightly attenuated. As expected, upregulation of Nrf2 significantly inhibited the production of ROS and MDA, an effect which was abolished after treatment with miRNA-128-3p mimics (Fig. 4G and H) . These data suggest that reducing miRNA-128-3p levels is beneficial for the inhibition of ROS generation and lipid peroxidation. Further studies showed that the miRNA-128-3p inhibitor and elevated Nrf2 levels significantly upregulated the levels of antioxidant enzymes, including GSH-Px and SOD ( Fig. 4I and J) . Particularly, treatment with miRNA-128-3p mimics and Nrf2 overexpression were unable to increase the levels of the antioxidant enzymes (P>0.05) ( Fig. 4I and J) . Collectively, t hese results indicate t hat reduced miRNA-128-3p levels are beneficial to the restoration of an impaired antioxidant defense system. 
Discussion
Nowadays, ischemic stroke presents a considerable social and family burden. Although the reperfusion of ischemic cerebral tissue is the most common way to rescue ischemic stroke, CI/RI can further lead to brain damage and even death (24, 25) . Therefore, new strategies must be developed to prevent CI/RI. In recent years, plant extracts have garnered increasing attention from academia and the public. Previously, studies have shown that theaflavin is a promising active compound from black tea that can regulate inflammation and oxidative stress (17, 26) . However, the biological function and the molecular mechanism of theaflavin in ameliorating ischemic damage has not yet been fully elucidated. In the present study, we explored the biological function of theaflavin in ameliorating CI/RI and investigated its potential molecular mechanism. We found that theaflavin exerts neuroprotective effects by reducing infarct volume and improving learning and memory in rats subjected to CI/RI. Furthermore, we provided convincing evidence that theaflavin treatment can reduce apoptosis in NSCs and promote NSC proliferation. These findings were supported by the results of the MCAO injury rat model, as well as those of the cultured NSCs subjected to OGD/R. Importantly, we proved that theaflavin could be a Nrf2 promoter by downregulating miRNA-128-3p, which effectively inhibited oxidative stress in rats subjected to CI/RI and NSCs subjected to OGD/R. Our results collectively indicate that theaflavin could be a promising natural compound for the attenuation of CI/RI. To our knowledge, we found a new molecular mechanism for the neuroprotective function of theaflavin downregulating miRNA-128-3p to inhibit oxidative stress to further promote repair following ischemic stroke. Most of the biological functions of tea polyphenols, including theaflavins and catechins, have been ascribed to their anti-oxidative, anti-tumor, anti-bacterial, anti-inflammatory, anti-viral, and cardiovascular protective activities (27) (28) (29) . For example, Zhang et al found that theaflavin showed neuroprotective effects against oxidative stress in PC12 cells, which was derived from the suppression of oxidant enzyme activity (16) . In the present study, theaflavin treatment commenced during the development of CI/RI in rats. Theaflavin was evidently capable of reducing infarct volume and ameliorating symptoms related to CI/RI. Importantly, these inhibitory effects of theaflavin were observed in a dose-dependent manner. Our results indicate that theaflavin has a neuroprotective function in CI/RI. To further investigate the role of theaflavin in its neuroprotective effects in CI/RI, TUNEL staining was used in the present study. Theaflavin decreased the rate of apoptosis in the brain tissue of rats subjected to CI/RI. Recently, several research studies have shown that neurogenesis is insufficient for functional recovery in ischemic stroke disability (30, 31) . Therefore, targeting endogenous NSCs to promote adult neurogenesis is a feasible strategy for the recovery of nervous function and repair of cognitive impairment in ischemic stroke. We isolated NSCs from the hippocampus, which is responsible for long-term memory storage conversion and orientation functions. Following theaflavin treatment, the cell viability of NSCs subjected to OGD/R was significantly increased and the apoptosis rate showed a significant decline. These results further indicate that theaflavin has a neuroprotective function.
Oxidative stress is a critically important pathological process in CI/RI that contributes to neurocyte injury (32) . Neural tissue is vulnerable to oxidative attack, owing to its high consumption of oxygen, relatively low antioxidant capacity, and high polyunsaturated fatty acid content (33) . Moreover, oxidative injury of mitochondrial DNA would lead to impaired energy regulation, which is critical in high-energy-requiring neurons (8, 34) . Current research has shown that plant extracts exert strong neuroprotective effects by inhibiting oxidative stress. As a result of the anti-oxidative function of theaflavin, we explored its role in inhibiting oxidative stress in CI/RI. Seven days after theaflavin treatment, the activities of antioxidants in both the MCAO model rats and NSCs subjected to OGD/R were significantly elevated. In addition, the elevated ROS and MDA levels were significantly attenuated in both the MCAO model rats and NSCs subjected to OGD/R after theaflavin treatment, indicating that theaflavin also exhibits a stronger anti-oxidative capacity in CI/RI. Our findings are largely consistent with a recent report, in which theaflavins showed significant protective effects in erythrocytes against oxidative stress induced by tert-butyl hydroperoxide by increasing GSH-Px and reducing MDA (35) . The alleviation of oxidative stress by theaflavin is responsible for NSC proliferation and anti-apoptosis, which aids in the recovery of nervous function and the repair of cognitive impairment. The Nrf2-dependent pathway plays a critical role in oxidative stress. Recent research reported that theaflavin could ameliorate ionizing radiation-induced hematopoietic stem cell injury via the Nrf2 pathway (36) . Thus, the expression of Nrf2 in CI/RI was investigated. We found that the Nrf2 protein and Nrf2 mRNA levels were obviously up-regulated by theaflavin in both the MCAO rat model and NSCs subjected to OGD/R. Thus, we believe that theaflavin may attenuate CI/RI by inhibiting oxidative stress via the Nrf2-dependent pathway. These results suggest the feasibility of theaflavin as a treatment for ischemic stroke and neurological recovery.
The miRNAs are crucial regulators in spontaneous neurogenesis and sustainability of neuronal phenotype by post-transcriptional regulation. Furthermore, miRNAs, including miRNA-23a-3p, miRNA-424, and miRNA-125b reportedly reduce CI/RI by targeting the oxidative stress pathway (37) (38) (39) . Based on these functions of miRNA, Nrf2 mRNA/miRNA interaction was predicted using the miRNA target prediction tool, TargetScan, and Nrf2 mRNA/miRNA-128-3p interaction information was also predicted. Our results showed that the significant increase in miRNA-128-3p was eliminated following theaflavin treatment in both the MCAO ischemic rats and NSCs subjected to OGD/R. Interestingly, ectopic expression of miRNA-128-3p resulted in a significant decline in the levels of Nrf2 mRNA and protein, which further confirmed the regulatory effect of miRNA-128-3p on Nrf2. Thus, theaflavin improved the expression of Nrf2 by downregulating miRNA-128-3p. Several studies have shown that abnormal expression of miRNA-128-3p is closely related to I/RI, contextual learning, and DNA damage response (40, 41) . For example, Chen et al found that inhibition of miR-128-3p could protect human cardiomyocytes from I/RI (42) . Loss-of-function experiments in our study showed that downregulation of miRNA-128-3p promoted NSC proliferation and reduced the rate of apoptosis, which is consistent with previous reports that antagonism of miR-128-3p could remarkably improve the proliferation of lymphatic endothelial cells (43) . Furthermore, miRNA-128-3p exhibited opposite regulatory effects to Nrf2 in oxidative stress. Thus, downregulation of miRNA-128-3p expression along with theaflavin treatment contribute to the attenuation of CI/RI. Chen et al demonstrated that the downregulation of miRNA-128-3p in mouse hippocampi promoted the differentiation of NSCs in the performance of the water maze task (41) . However, the research of Mao et al showed the opposite conclusion, as they reported that an increase in miRNA-128-3p levels contributed to neuronal survival in ischemia-induced brain injury (44) . Such inconsistency may be that due to different animal models and experimental conditionsled to a disparity in observations.Our findings present a comprehensive understanding of the underlying mechanism of theaflavin in ischemic stroke.
In conclusion, theaflavin could effectively attenuate CI/RI and improve learning and memory through miRNA-128-3p-mediated anti-oxidative actions in rats subjected to ischemia-induced brain injury and NSCs subjected to OGD/R. Further studies can focus on the regulatory mechanism of theaflavin on miRNA-128-3p expression, high-energy-requiring neurons and the effect of theaflavin on NSC differentiation. In all, theaflavin holds the potential to be a new drug candidate for ischemic stroke treatment.
